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Analysis of f u t u r e  space energy needs has ind ica t ed  a v a r i e t y  of 
missions r e q u i r i n g ,  to ta l  ene rg ie s  exceeding those  of  p a s t  missions by 
two o r  t h r e e  o r d e r s  of magnitude (1 t o  100 kW). A major pa r t  of such 
a system w i l l  be t he  power conver te r  and i n v e r t e r  subsystems which 
process  t h i s  energy t o  meet user requirements.  

One of t h e  major components w i t h i n  such a power subsystem is t h e  
magnetic device.  Th i s  component is used for v o l t a g e  and c u r r e n t  
t ransformation,  input /output  f i l t e r  s e c t i o n s ,  parameter  s ens ing ,  and 
semiconductor con t ro l .  Recently,  a t t e n t i o n  has  been given to the  
d i f f e r e n t  loss c h a r a c t e r i s  t i c s  of magnetic devices  observed under 
var ious e x c i t a t i o n  condi t ions .  

This d i s s e r t a t i o n  examines the  b a s i c  magnetic p r o p e r t i e s  under 
var ious ope ra t ing  cond i t ions  encountered i n  the s ta te -of - the-ar t  
DC-AC/DC conver te rs .  Using a novel core  e x c i t a t i o n  c i r c u i t ,  the  b a s i c  
B-H and l o s s  c h a r a c t e r i s t i c s  of var ious  core  materials may be observed 
as a func t ion  of  c i r c u i t  con i igu ra t ion ,  frequency of  ope ra t ion ,  i n p u t  
vo l tage ,  and pulse-width modulation condi t ions .  
d a t a ,  a mathematical  l o s s  c h a r a c i e r i s t i c s  equat ion  is developed t o  
a n a l y t i c a l l y  p r e d i c t  t he  s p e c i f i c  co re  l o s s  of several  magnetic mate- 
rials under va r ious  waveforin e x c i t a t i o n  condi t ions .  

From t h i s  empi r i ca l  

Previous magnetic core  cha racLer i s t i c s  were observed us ing  e i t h e r  
a vol tage  source  o r  a cur ren t  source.  
e i t h e r  of these  modes, the vol tage  o r  cu r ren t  c h a r a c t e r i s t i c s  are ob- 
served as t h e  independent va r i ab le .  However, the  e x c i t a t i o n  c i r c u i t  
used €or  this d i s s e r t a t i o n  uses a high power wide bandwidth ope ra t iona l  
ampl i f i e r  which senses  the  d e r i v a t i v e  of f l u x  with time as the  con- 
t r o l l e d  parameter.  Under these  condi t ions  flux is observed as the  
independent v a r i a b l e  with vol tage  and cu r ren t  as the dependant v a r i -  
ab l e .  

For a core  be inn  e x c i t e d  i n  
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Power measurements were obta ined  us ing  a true RM!3 wide bandwidth 
wattmeter. 
osc i l l o scope .  
n e t i c  c h a r a c t e r i s t i c s  t o  be measured and observed under squa re ,  ramp, 
and s i n u s o i d a l  f l u x  condi t ions .  

The B-H loop c h a r a c t e r i s t i c s  were observed us ing  an X-Y 
This experimental  e x c i t a t i o n  set-up allowed t h e  mag- 

Using t h i s  f l u x  c o n t r o l l e d  e x c i t a t i o n ,  magnetic core  cha rac t e r -  
i s t i c s  were developed f o r  cons t an t  va lues  of ramp f l u x  and frequency. 
These c h a r a c t e r i s t i c s  w i l l  show t h e  c i r c u i t  des igner  f o r  t h e  f i r s t  
t i m e  t h e  f u n c t i o n a l  r e l a t l t a s h i p s  between induc t ion  l e v e l  and s p e c i f i c  
core  l o s s  as a func t ion  of t h e  two key DC-DC conve r t e r  o p e r a t i n g  
parameters of i npu t  vo l t age  and duty cycle. 

Core e x c i t a t i o n s  involv ing  symmetric and asymmetric cond i t ions  
f o r  both s i n u s o i d a l  and square  wave waveforms were i n v e s t i g a t e d  ana- 
l y t i c a l l y  us ing  t h r e e  s p e c i f i c  core  l o s s  c a l c u l a t i o n  methods. 
mental d a t a  w a s  used t o  compare t h e  accuracy of t hese  methods. 
p red ic t ed  and measured s p e c i f i c  core  l o s s e s  were wi th in  10 percent of 
each o t h e r  f o r  a l l  condi t ions  analyzed. This d e v i a t i o n  is wi th in  t h e  
e r r o r  band of t h e  ins t rumenta t ion .  Therefore ,  t h e s e  methods w i l l  ana- 
l y t i c a l l y  p r e d i c t  t h e  s p e c i f i c  core  l o s s  f o r  any type  of vo l t age  exci- 
t a t i o n  encovntered i n  DC-AC/DC conve r t e r  conf igu ra t ions  us ing  only 
one set of c h a r a c t e r i s t i c  curves f o r  t h e  s p e c i f i c  magnetic material, 
core  conf igu ra t ion ,  and tape  th i ckness .  

Experi- 
The 
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CHAPTER I 

INTRODUCTION 

Hagnetic materials o f f e r  the power e l e c t r o n i c s  des igne r  a widc 

range of magnetic c h a r a c t e r i s t i c s  (Ref. 1 )  from which he must select .  

those materials app l i cab le  t o  h i s  p a r t i c u l a r  DC-AC/DC conver t e r  design.  

Like t h e i r  semiconductor coun te rpa r t s ,  magnetic devices  d i s p l a y  fami- 

l ies  of  ope ra t ing  c h a r a c t e r i s t i c s  which are func t ions  of frequency, 

temperature ,  b a s i c  material composition, f a b r i c a t i o n  techniques ,  and 

d r i v i n g  source  impedance (Ref. 2) .  The i n t e r a c t i o n  between these  var- 

ious func t ions  may be expla ined  by ferromagnetism, material p r o p e r t i e s ,  

o r  domain wal l  movement (Ref. 3). However, f o r  power e l e c t r o n i c s  app l i -  

ca t ions  i t  i s  d e s i r a b l e  t o  provide a set of magnetic c h a r a c t e r i s t i c s  

which are e a s i l y  understood and a c c u r a t e l y  p r e d i c t  t h e  performance of a 

p a r t i c u l a r  magnetic material when appl ied  i n  a s p e c i f i c  DC-AC/DC con- 

v e r t e r  configurrLion.  

TP i a  d i s s e r t a t i o n  examines t h e  B-H and l o s s  c h a r a - - t e r i s t i c s  of  

s e v e r a l  magnetic m a t z r i a l s  used i n  p re sen t  s ta te -of - the-ar t  power proc-  

e s s i n g  c i r c u i t s .  The e f f e c t s  of v a r i a b l e s  such as f requency,  vo l t age  

l e v e l ,  vo l rage  waveforms, and modulation upon the  inhe ren t  material 

characterls t i c s  are explored  using only  e x t e r n a l l y  measurable quant i -  

t ies .  

T r a d i t i o n a l l y  der ived  core  l o s s  d a t a  are presented  as a func t ion  

of f l u x  dens i ty  wi th  frequency as a parameter.  

imenta l  d a t a  is taken wi th  s i n u s o i d a l  vo l t age  e x c i t a t i o n  of 60 o r  

In  gene ra l ,  hard  exper- 
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400 h e r t z .  The family of  c h a r a c t e r i s t j c  core  l o s s  curves  are then gen- 

e r a t e d  by usirig a mathematical formula such as t h a t  proposed by Legg 

(Ref. 4 ) .  However, t h i s  method is  m l y  v a l i d  f o r  low values  of f l u x  

dens i ty .  Only r ecen t ly  has  a t t e n t i o n  been given t o  t h e  d i f f e r e n t  l o s ~  

c h a r a c t e r i s t i c s  of magnetic materials observed between s i n u s o i d a l  and 

square-wave e x c i t a t i o n  condi t ions  a t  10,JOO h e r t z  (Ref. 5). In  the  

p a s t ,  only c i r c u i t s  having similar e x c i t a t i o n  condi t ions  could u t i l i ~ e  

these  l o s s  c h a r a c t e r i s t i c s .  Newly a v a i l a b l e  s ta te -of - the-  ' r t  ixist*:c- 

mentation equipment, and mathematical  techniques developed i n  t h i s  d i s -  

s e r t a t i o n  allow the  power e l e c t r o n i c s  designer  t o  c a l c u l a t e  t he  s p e c i f i c  

cork loss f o r  var ious  nons inusoida l ,  and asymmetrical  square  wave exc i -  

t a t i o n  condi t ions  us ing  oniy these  l o s s  c h a r a c t e r i s t i c s .  

The square  wave B-H loop  and a s soc ia t ad  co re  l o s s  c h a r a c t e r i s t i c s  

may be  observed i n  a unique manner by means of an e x c i t a t i o n  source  i n  

w i l i c i i  t he  f l u x  rate of change (d@/dt )  i s  observed as the  in0epender.t 

var i -able ,  and the power l o s s  is measured using a wide bandwidth (DC- 

330 K Hz) wattmeter. This e x c i t a t i o n  c i r c u i t ,  which i s  f u l l y  descr ibed  

i n  Chapter 11, al lows the  c o n t r o l  of an a d d i t i o n a l  v a r i a b l e ,  d @ / d t ,  

r a t h e r  than j u s t  the d r i v i n g  frequency as is t h e  case f o r  a l l  previc . .  

s i n u s o i d a l  core  l o s s  measurements. I f  t h e  e x c i t a t i o n  is r e s t r i c t e d  L. 

t h a t  of a cons tan t  frequency square wBve v o l t a g e  having a v a r i a b l e  duty- 

cyc le ,  t h e  d$/bL e f f e c t s  may then be determined f o r  var ious cons tan t  

values  of EM independent of frequency. For ,;le f i r s t  time, t h e  d i s -  

t r i b u t i o n  of t he  B-H loop  area i s  shown t o  be  dependent upon the  pos i -  

t i v e  and negat ive  d$/d t  ramp rates. The wideband wat tmeter  allows 

core loss d a t a  t o  b e  accu ra t e ly  measured under these cond i t ions .  This 

procedure al lows a t r u e  sepa ra t ion  of t h e  v a r i a b l e s  ? ) / d t ,  f requency,  
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and BM, 

s n i p s  of n y s t e r e s i s  l o s s  wi th  BE, and eddy cu r ren t  l o s s  wi th  BM and 

d$/dt.  

l%is d a t a  i s  tk.en used to  develop t h e  func t iona l  r e l a t i o n -  

S inusoida l  core  l o s s  c h a r a c t e r i s t i c s  f o r  a p a r t i c u l a r  magnetic 

matesial and laminat ion th ickness  are genera l ly  shown wi th  f lux  dens i ty  

as the  independent v a r i a b l e ,  s p e c i f i c  core  l o s s  as the depeiident va r i -  

ab l e ,  and frequency as a p a r a .  ;t?r (Ref. 6 ) .  Data c o l l e c t e d  wi th  the  

new e x c i t a t i o n  c i r c u i t  is based upon va lues  o f  cons tan t  d$ /d t  which 

corresponds with square  wave e x c i t a t i o n .  The core  loss c h a r a c t e r i s t i c s  

are shown wi tn  frequency as the independent v a r i a b l e ,  s p e c i f i c  core 

l o s s  as the  dependent v a r i a b l e ,  and 

eters. 

d @ / d t  and f l u x  dens i ty  as param- 

In  Cnapter I11 these  l o s s  c h a r a c t e r i s t i c s ,  t h e  B-H loop behavior ,  

and the  ins tan taneous  power waveshapes observed f o r  t h e  var ious  wave- 

f o r m  are used t o  develop t h r e e  methods which a n a l y t i c a l l y  p r e d i c t  t h e  

s p e c i f i c  co re  l o s s  f o r  maznst ic  materials. A pu lse  width modulated 

square  wave v i t r .  a 10 t o  50 percent  duty cyc le  is then used t o  compare 

the  experiment* a d  a n a l v t i c a l  accurhcy c f  each method. 

The f i r s t  method, which i s  similar t o  the  s i n u s o i d a l  a n a l y s i s  

tecnniques a l ready  i n  common use ,  a l lows  t h e  s p e c i f i c  core  l o s s  t o  be  

ca l cu la t ed  d i r e c t l y  fro1 t h e  c h a r a c t e r i s t i c s  knowing the  maximum f l u x  

dens i ty  (Bid) acd the  frequency of opera t ion .  

of 

number of t u r n s ,  e x c i t a t i o n  vol tage  l e v e l ,  aid pu l se  width m u s t  be 

known. In  the  second method, t he  s p e c i f k  c're l o s s  is c a l c u l a t e d  by 

us ing  d$,ldt and a. "equivalent"  ZXL? t a t i o n  f requerrcy . 

To calculate t h e  value 

BM f o r  t he  e x c i t a t i o n  pulse ,  t h e  c ros s  s e c t i o n a l  area of t he  co re ,  

The  va lue  of d$/dt  is d i r e c t i y  p r o p o r t i o z a l  t o  the  inpu t  vo l tage  
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and inve r se ly  p ropor t iona l  t o  t h e  number of t u rns  on t h e  core .  The 

"equivaleut" frequency is inve r se ly  p ropor t iona l  t o  twice the  pu l se  

width. The t h i r d  method is dzveloped as an ex tens ion  of t h e  second 

method. 

time s t e p s .  The average va l t age  l e v e l  is determined f o r  each time 

s t ep .  This vo l tage  l e v e l  a long wi th  the  number of  t u rns  on t h e  co re  

correspond t o  an  incremental  value o f  d$/dt .  This :orresponds t o  an 

incremental  l o s s  a t  some l 'equivaient' '  frequency. The t o t a l  s p e c i f i c  

core loss is then the  summation of t hese  incrementa l  l o s s e r  d iv ided  

by t o t a l  period. These methods cover t h e  func t iona l  r e l a t i o n s h i p  

between induct ion  l e v e l  and s p e c i f i c  core  l o s s  as a func t ion  of  exci- 

t a t i o n  vol tage  l e v e l  and duty-cycle c h a r a c t e r i s t i c s .  

Tile e x c i t a t i o n  pu l se  is subdivided i n t o  a d i s c r e t e  number of  

The concepts  dzveloped f o r  t h e  square  wave i n  t h e  t h i r d  method 

are extended t o  ana lyze  o t h e r  types  of vaveforms i n  Chaptrr  IV. A 

gene ra l  equat ion  form is used t o  relate :he s p e c i f i c  c o r e  l o s s  t o  

d$/d t ,  and t h e  equiva len t  frequency of t h e  e x c i t a t i o n .  

c i e n t  and expc.ients t h a t  relate t h e s e  v a r i a b l e s  are dependent on t h e  

magnetic material, and t h e  t a p e  th ickness ,  o r  g r a i n  s i z e .  Using t h i s  

gene ra l  equat ion  a computer a lgor i thm is then  developed which a u t c -  

mates t h e  a n a l y s i s  procedure.  Ana ly t i ca l  and experimental  r e s u l t s  

are compared f o r  s i n u s o i d a l  and nons inusoida l  examples us ing  t h r e e  

d i f f e r e n t  co re  materials and conf igu ra t ions .  As a E ina l  example t h e  

s p e c i f i c  c o r e  l o s s  c h a r a c t e r i s t i c s  f o r  1 / 2  mil Supermailoy m a r s r i a l  

under s i n u s o i d a l  e x c i t a t i o n  are generated us ing  t h e  c h a r a c t e r i s t i c  

equat ion f o r  square  wave e x c i t a t i o n  and t h e  computer a lgor i thm.  

The c o e f f i -  

F i n a l l y ,  Chapter V presen t s  t h e  conclusions of t h i s  work and sug- 

ges t ions  f o r  fu tu re  research i n  t h i s  area. Spec  t i c  core loss d a t a  
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for several magnetic tape mattirials and f e r r i t e  are presented i n  

Appendix A .  A glossary of s; !mbij ls  and their associated uni ts  art’ 

i n  Appendix 8 .  



CHAi'TER I1 

INVESTIGATION OF PlAGNETIC CORE CHARACTERISTICS 

2.1 In t roduct ion  

The a n a l y t i c a l  core  l o s s  c a l c u l a t i o n  methods developed i n  t h i s  

d i s s e r t a t i o n  are based upon t h e  core c h a r a c t e r i s t i c s  observed under 

c o n t r o l l e d  f l u x  e x c i t a t i o n .  The width of t h e  B-H loop w a s  f o m d  to  

be a func t ion  of both t h e  f l u x  rate of change (d$/d t )  and t h e  maximum 

f l u x  d e n s i t y  (BM). 

In a l l  t h e  s p e c i f i c  core  loss (SCL) c h a r a c t e r i s t i c s  presented ,  

both p o s i t i v e  and negat ive  va lues  of 

one cyc le .  These d + / d t  condi t ions  al low symmetrical square  wave 

vol tage  e x c i t a t i o n  of t h e  magnetic material under test .  

recorded i n  t h i s  manner Faraday's Law (Ref. 7) is then used t o  calcu- 

l a te  t h e  d$/d t  va lue  d i r e c t l y  u s i n g  t h e  e x c i t a t i o n  vol tage  level,  

and t h e  number of t u r n s  on t h e  core.  I n  hn a c t u a l  DC-DC conver te r  

a p p l i c a t i o n  t h e  e x c i t a t i o n  vol tage  l eve l  is t h e  i n p u t  v o l t a g e  be ing  

appl ied  t o  a p a r t i c u l a r  magnetic device.  Using t h e  SCL c h a r a c t e r i s t i c s  

as developed by t h i s  method, t h e  power e l e c t r o n i c s  des igner  may for t h e  

f i r s t  t i m e  c a l c u l a t e  t h e  SCL f o r  t h e  magnetic device d i r e c t l y  knowing 

d + / d t  were h e l d  cons tan t  over  

With t h e  d a t a  

..IJ 1 .- the input  v o l t a g e ,  duty cyc le ,  and t n e  frequency of opera t ion .  

I f  the  e f f e c t i v e  c r o s s  s e c t i o n a l  area (A,) is known, then t h e  

f l u x  dens i ty  iii t h e  magnetic m a t e r i a l  may be  c a l c u l a t e d .  

determine t h e  value of A, 

core (Ac) and t h e  s t a c k i n g  f a c t o r  (SF) must be known. 

To a c c u r a t e l y  

t h e  p h y s i c a l  c r o s s  s e c t i o n a l  area of t h e  

Four methods or' 

6 
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determining t h e  SF value  f o r  cu t  cores are presented  i n  t h i s  s e c t i o n .  

The r e s u l t s  of t hese  methods i n d i c a t e  t h a t  t he  SF value  f o r  t h i s  

core  conf igu ra t ion  can be measured t o  wi th in  5 percent  of its a c t u a l  

value.  

Tlre e x c i t a t i o n  c i r c u i t  a l lows  t h r e e  d i f f e r e n t  source  configura-  

t i o n s  t c  be s imulated.  By us ing  vo l t age  feedback the  e x c i t a t i o n  source  

r ep resen t s  a vol tage  source.  I f  c u r r e n t  feedback is used, t h e  e x c i t a -  

t i o n  source  r ep resen t s  a c u r r e n t  source.  

the  observed magnetic c h a r a c t e r i s t i c s  become independent o f  source  i m -  

pedance. Thus, t r u e  s i n u s o i d a l  o r  square  wave vo l t age  e x c i t a t i o n  can 

be e a s i l y  generated.  

problems encountered with convent ional  square  wave e x c i t a t i o n  sources .  

When f l u x  feedback is used,  

This e x c i t a t i o n  c i r c u i t  e l imina te s  many of  t h e  

The ins t rumenta t ion  system w a s  designed t o  e f f i c i e n t l y  c o l l e c t  

SCL the  ,ore loss d a t a  r equ i r ed  f o r  t h e  development of  t h e  d e s i r e d  

c h a r a c t e r i s t i c s .  The system w a s  also used t o  run t h e  d e s i r e a  expe r i -  

mental wavtshapes aga ins t  which the  a n a l y t i c a l  core  5 s  c a l c u l a t i o n s  

were then compared. 

PM 3252 mul t ip ly ing  osc i l loscop?  f a r  observing ins tan taneous  p ( t )  

waveshapes. 

s e rve  e ( t ) ,  i ( t ) ,  p ( t ) ,  @ ( t ) ,  and t h e  ins tan taneous  B-H loop.  

The ins t rumenta t ion  s y s t e m  u t i l i z e s  a P h i l l i p s  

A Tektronix 7704 maiiiframe is used t o  s imultaneously ob- 

2.2 Review of Magnetics Equations 

A l l  a v a i l a b l e  p re sen ta t ions  of s p e c i f i c  core  l o s s  characterist ics 

d i sp lay  f l u x  dens i ty  as t he  independent v a r i a b l e .  SCL as the  dependent 

v a r i a b l e ,  and frequency as a parameter.  To use t h i s  d a t a  r e q u i r e s  t h a t  

the  A, of the  core  b e  accu ra t e ly  known. This parameter is not  a lways  

r e a d i l y  a v a i l a b l e  and is Inaccura t e  i n  most of t h e  publ ished d a t a .  

However, f o r  t he  major i ty  of power e l e c t r o n i c  a p p l i c a t i o n s  the  input  
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vo l t age ,  frequency of ope ra t ion ,  number of t u rns ,  and duty cyc le  con- 

d i t i o n s  of a magnetic device  are known. 

In a magnetic device  a time-varying magnetic f i e l d  produces a 

vo l t age  whir& may e s t a b l i s h  a c u r r e n t  i n  a s u i t a b l e  c l o s e d  circuit. 

Faraday's l a w  (Ref. 7), expressed i n  the  CGS e lec t romagnet ic  sys t em 

of u n i t s ,  shows t h e  r e l a t i o n s h i p  between t h i s  changing magnetic f i e l d  

and t h e  induced vol tage :  

e(*.) - - (d@/dt)  ~ 1 0 - ~  v o l t s  (2.1) 

The minus sign i n d i c a t e s  t h a t  t h e  vo l t age  is i n  such a d i r e c t i o n  as t o  

produce a c u r r e n t  whose f l u x ,  i f  added t o  t h e  o r i g i n a l  f l u x ,  would re- 

duce t h e  magnitude of t h e  vol tage .  

vo l t age  acts to  produce an opposing f l u x  is known as "Lenz's law." 

If t he  magnetic f i e l d  is coupled by an N t u r n  conductor,  then 

This  statement t h a t  t h e  induced 

e(;) = -N(d@/dt) v o l t s  (2.2) 

By use of equat ion  (2.2), t ransformer  equat ions  f o r  bo th  s i n u s o i d a l  

and -quare  wave vo l t age  e x c i t a t i o n  may be der ived .  I f  e ( i )  r ep resen t s  

a square  wave of vo l t age ,  then 

s lope  p ropor t iona l  to  t h e  v o l t s / t u r n  r a t i o .  Over one h a l f  cyc le  

( 0  I t I T/2) ,  e ( : )  has a cons t an t  va lue  E. For the  same i n t e r v a l  

Q ( 2 )  E; *s from -4, t o  +I$,. The s t anda rd  form of t h e  t ransformer  

e.1~ , t i on  f o r  square  wave e x c i t a t i o n  is obtained by i n t e g r a t i n g  equa- 

t i o n  (2 .2)  over  t h i s  h a l f  cyc le  i n t e r v a l :  

$I( ) would be a ramp func t ion  wi th  its 
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ExlO' T 
2N = - 

Rearranging terms 

Since  

and 

f = T-l Hz 

S u b s r i t u t i n g  (2.4) and ( 2 . 5 )  i n t o  (2.3): 

E - -4B#cSFf NxlO-' v o l t s  (2 .6 )  

If e( t )  r e p r e s e n t s  a s i n u s o i d a l  vo l t age ,  then  g ( t )  would be  a 

cos ine  func t ion .  

wave wi th  an amplitude of fi E. 

-0, t o  S$M. The s tandard  form of t h e  t ransformer  equat ion  f o r  s inus -  

o i d a l  e x c i t a t i o n  i s  obta ined  by i n t e g r a t i n g  equa t ion  (2.2) over  t h i s  

in t e rval : 

Over one half cyc le  (0  I t c n/u), e( t )  is a s i n e  

For the same i n t e r v a l  +(t) goes from 

s i n  ut d t  
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Rearranging terms 

Since 

-1 w = 2af rad-sec 

S u b s t i t u t i n g  ( 2 . 4 )  and ( 2 . 8 )  i n t o  (2.7)  

E = -( a)-' B b t c  SF 2ni N X ~ O - ~  vo l t s  

o r  

E * -4 .44  

By us ing  Equation (2.9) 

condi t ion  may be ca l cu la t ed .  

(2.7) 

t h e  f l u x  d e n s i t y  f o r  a given e x c i t a t i o n  

Once t h i s  va lue  is known, publ i shed  SCL 

d a t a  f o r  s i n u s o i d a l  e x c i t a t i o n  may be  used t o  d i r e c t l y  determine t h e  

SCL f o r  a p a r t i c u l a r  magnetic material. To t he  au tho r ' s  knowledge, 

publ ished d a t a  f o r  square  wave e x c i t a t i o n  cond i t ions  is e s s e n t i a l l y  

nonex i s t en t ,  However, us ing  the methods descr ibed  i n  t h i s  d i s s e r t a -  

t i o n  squere  wave c h a r a c t e r i s t i c s  may be e a s i l y  obtained.  

wave SCL c h a r a c t e r i s t i c s  have a d i s t i n c t  advantage ove r  t h e  s ine  SCL 

characteristics because t h e  e f f ec t s  of an a d d i t i o n a l  parameter  

may also be examined us ing  the  same set of c h a r a c t e r i s t i c s .  

t i o n ,  by rear ranging  t h e  r e p r e s e n t a t i v e  axes wi th  frequency as t he  in-  

dependent v a r i a b l e ,  and SCL as the  dependent v a r i a b l e ,  w i th  B:, and 

d@/d t  as parameters, t h e  c h a r a c t e r i s t i c s  become easier t o  use.  In  

Chapter 4 t h e  square  Nave SCL c h a r a c t e r i s t i c s  w i l l  be  used t o  gen- 

The square-  

d@/d t  

I n  addi- 
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erate t h e  s i n u s o i d a l  SCL c h a r a c t e r i s t i c s  d i r e c t l y .  

The SCL c h a r a c t e r i s t i c s  shown i n  Appendix A represent  t h e  t o t a l  

c o r e  l o s s  as a f u n c t i o n  of frequency. 

on a per  c y c l e  b a s i s  (Ref. 8) ,  t h e  effec:s of 

may be observed. 

I f  t h e  energy loss is examined 

d4/d t ,  BM, and frequency 

The energy loss a s s o c i a t e d  wi th  t h e  h y s t e r e s i s  loop 

is r e a d i l y  determined us ing  Warburg's l a w  ( R e f .  9):  

= L $ H  dB w a t t  -sec h 4n bi (2.10) 

In  t h e  ins t rumenta t ion  system used, t h e  i n p u t  c u r r e n t  t o  t h e  core  

under test was observed as t h e  a b s c i s s a ,  and t h e  i n t e g r a l  of t h e  input  

vo l tage  was observ6d as t h e  o r d i n a t e .  

chain r u l e ,  Equation (2.10) may be r e w r i t t e n  i n  terms of t h e  i n p u t  

Using Equation (2 .2) ,  and t h e  

vol tage  e i ( t )  and t h e  input  c u r r e n t  i i ( t ) :  

= dB H-• d t  'h 4n d t  

t = T  
-1 P i ( t ) d t  w a t t  -sec (2.11) 

Equation (2.11) i n d i c a t e s  t h a t  the  area enclosed by t h e  observed 

B-H loop is propor t iona l  t o  t h e  energy ( h y s t e r e s i s )  l o s s  p e r  cyc le .  

Separa t ion  of t h e  eddy c u r r e n t ,  h y s t e r e s i s ,  and anomalous loss 

components (Refs. 10 t o  13) of t h e  t o t a l  core  l o s s  has  been explored 

using only s i n u s o i d a l  e x c i t a t i o n  methods. However, by us ing  p u l s e  

width modulated square  wave e x c i t a t i o n  techniques a d i r e c t  separa-  

t i o n  of loss v a r i a b l e s  may be accomplished. 
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2.3 Calcu la t ion  of Stacking  Fac tor  

Four d i f f e r e n t  methods were used t o  determine the  st cking f a  t r 

of t h e  c u t  cores  used f o r  t h i s  d i s s e r t a t i o n .  The o i l  displacement 

method and t b ?  c ros s  s e c t i o n a l  s can  method used the  phys ica l  p r o p e r t i e s  

of t h e  co re  t o  determine t h e  s t a c k i n g  f a c t o r  value.  The s i n u s o i d a l  

and square  wave e x c i t a t i o n  methods used the  e lectr ical  p r o p e r t i e s  of 

t he  core ,  and an assumed va lue  f o r  t h e  maximum f l u x  dens i ty .  Super- 

malloy c u t  cores  wi th  1/2, 1, 2 ,  and 4 mil  tapes  were used and t h e  

s t a c k i n g  f a c t o r s  ob ta ined  us ing  t h e s e  fou r  methods were compared wi th  

publ ished values .  Table I shows the  r e s u l t s  of t h i s  comparison. The 

four  methods used are d iscussed  i n  d e t a i l  below: 

Displacement method. - In  t h i s  method Archimedes' p r i n c i p l e  

(Ref. 14) is used t o  determine t h e  t r u e  d- placement volume of t h e  

core. F i r s t ,  t he  core  is weighed i n  air:  

V - - 
'core Fe a i  r 'core 

o r  

) -l "Fe - 'core a i r  (Pcore 
- 

TABLE I.  - COMPARISON OF FOUR FETHODS FOR DETERNINING 

STACKING FACTOR WITH PUBLISHED VALUES 

Tape Disp lxement  S ine  ex. Square ex .  Cross sec. Publ ished 

mils 
t h i ckness ,  m e t  hod method method method value 

d . 5  0.865 0.885 0.843 0.914 0.80 

1.0 .888 .928 .856 .895 .90 

2 .o .932 .965 .934 ,941 .92 

4.0 .927 1.00 ,934 .967 .94 
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Next t h e  co re  is weigbed i n  an o i l  of known dens i ty .  

ment weight AW is then 

The d isp lace-  

V - - 
' o i l  core  o i l  - 'core a i  r = 'core 

o r  

The s t a c k i n g  f a c t o r  is the  r a t i o  of t he  a i r  volume of t h e  co re  t o  t h e  

o i l  volume of the  core:  

',e S tacking  f a c t o r  = - 
'core 

Example : 

Core: 1 / 2  m i l  Supermalloy c u t  core  

Wcoreair : 345 grams 

Wcoreoil: 302.5 grams AIJ = 42.5 grams 

= 8.7 grn-~rn-~ co re  

' o i l  = 0.928 grn-~rn-~ 

Stacking f a c t o r  = (345/8.7) (42.5/9.928) = 0.865 / 
Exc i t a t ion  methods. - These are i n d i r e c t  methods i n  which the 

s a t u r a t i o n  f l u x  dens i ty  is used t o  determine Ae. The co re  is e x c i t e d  

u n t i l  t he  cu r ren t  waveform i n d i c a t e s  t n a t  the core  i s  i n  t h e  s a t u r a -  

t i o n  region. Then the  e x c i t a t i o n  vol tage  l e v e l ,  and frequency are 

measured. Using the  t ransformer equat ions  der ived i n  Sec t ion  2.2, 

may be ca l cu la t ed :  

Ae 

For the  s i n e  wave: 

-1 
= E(4.44 Bt,if Nx10-8) Ae 

For the  square wave: 

Ae = E(4BMf Nx10-8)'1 
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The s t a c k i n g  f a c t o r  is expressed as 

-1 Stacking f a c t o r  = AeAc 

These values  are measured a t  s e v e r a l  f requencies  and an average s t a c k -  

i n g  f a c t o r  value is c a l c u l a t e d .  

Example : 

Core: 1 /2  mil Supermalloy 

AV: 10 t u r n s  

2 Ac: 2.277 c m  

BM: 7.2 K G a u s s  

For s i n e  wave d a t a :  

f ,  e ,  42, 
2 cm h e r t z  v o l t s  

600 3.86 2.0i 
700 4 . 4 8  2.00 
800 5.13 2.00 
900 5.83  2.02 

1000 6 . 5  2.03 

2 - 
Ae = 2.01 c m  

Stacking f a c t o r  = 2.0112.277 5 0 . 8 8 3  

For square  wave d a t a :  

f ,  e ,  Ae 
cm 2 h e r t z  v o l t s  

600 3.36 1.94 
700 3.86 1.91 
800 4 . 4 1  1.91 
9 00 5.07 1.95 

1000 5 .44  1.83 

2 - 
A, = 1.92 em 

Stacking f a c t o r  * 1.92/2.277 = 0 . 8 4 3  

Cross s e c t i o n a l  scan.  - I n  t h i s  method a microphotograph of  t h e  

core  c r o s s  s e c t i o n  is used t o  determine t h e  s t a c k i n g  f a c t o r  value.  An 
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o p t i c a l  micrometer is used t o  measure t h e  adhesive th i ckness  and the  

a c t u a l  tape  th ickness .  Since t h e  t ape  width is c a n s t a n t ,  the  s t a c k i n g  

f a c t o r  is the ra t io  of t h e  tape  th ickness  t o  the  t ape  p lus  adhesive 

th ickness  width o r  

S tacking  f a c t o r  = Ttape'(Ttape *adhesive 1 

I f  these  va lues  are measured a t  s e v e r a l  po in t s  ac ross  t h e  core  su r -  

f ace ,  and average s t a c k i n g  f a c t o r  value may be ca l cu la t ed .  I n  Fig- 

u re  1 the  microphotographs f o r  t h e  four  tape  th icknesses  are shown. 

Examp le : 

Core: 1/2 mil Supermalloy 

Tape th i ckness ,  Adhesive th i ckness ,  
i n .  i n .  

O.OO0609 
.0005 78 
.000537 

0.000546 

- 
= 0.000546 ( in . )  Ttape 

0.00003125 
.0000375 
.0000375 

0.0000468 

- = 0.00005125 ( in . )  
Tadhes i v e  

S tacking  f a c t o r  = 0.000546/(0.000546 + 0.00005125) 

= 0.914 

2.4 General Experimental Set-Up 

Previous e x c i t a t i o n  methods have used feedback c o n t r o l  schemes 

(Ref. 15)  t o  reduce t h e  harmonic conten t  of the  s i n u s o i d a l  e x c i t a t i o n  

by c o n t r d l i n g  t h e  apparent  source impedance. For t h i s  work, feedback 

c o n t r o l  is used t o  achieve the  des i r ed  vo l t age  e x c i t a t i o n .  I f  a square  

wave vol tage  is requi red ,  a t r i a n g u l a r  reisrence vol tage  i s  used. I f  

an impulse vo l t age  is requi red ,  a square wave re ference  vo l t age  is  used. 
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And, if s i n u s o i d a l  vo l t age  e x c i t a t i o n  is reqvi red ,  a cos inuso ida l  r e f -  

erence is used. Figure 2 shows t he  vo l t age ,  c u r r e n t ,  and f l u x  r e l a t i o n -  

sn ips  f o r  each o f  t hese  f l u x  r e fe rence  cond i t i cns .  

%e complete ins t rumenta t ion  system is shown i n  Fig.1t-e 3. A high 

power ope ra t iona l  a m p l i f i e r  w a s  designed which allowed tLre op t ion  of 

s e l e c t i n g  e i t n e t  vo l t age ,  c u r r e n t ,  o r  t h e  i n t e g r a l  of vo l t age  ( f lux )  

as the feediiacic parameter. A Gavetek model 146 s i g n a l  gene ra to r  w a s  

used t o  genera te  t h e  d e s i r e d  symmetrical f l u x  waveshape. An ICL 8038 

mult i func t ion  i n t e g r a t e d  circuit w a s  used t o  genera te  t h e  asymmetrical 

square and s i n u s o i d a l  r e fe rence  oaveforms. The e x c i t a t i o n  frequency 

was measured wi th  Hewlett-Packard 52128 e l e c t r o n i c  counter.  A 

Clarke-Hess model 225 wideband wattmeter (3 t o  330 kHz) w a s  used t c  

measure t h e  average inpu t  power i n t o  t h e  c o r e  under test. This  in- 

strument a l lows  t h e  power de l ive red  by a 100 lcHz square  wave t o  be  

normally n?asured t o  w i t h i n  2 percent .  

i n  t h e  wattmeter d i s p l a y s  t h e  input  c u r r e n t  s i g n a l  used f o r  s e v e r a l  

measurements. A P h i l l i p s  PM 3252 mul t ip ly ing  o s c i l l o s c o p e  w a s  a l s o  

The i n t e r n a l  c u r r e n t  shunt  

used t o  o b t a i n  t h e  ins tan taneous  p . ( t )  i n  t h e  core .  The inpu t  volt- 

age  t o  t h e  co re  was measured wi th  a Hewlett-Packard 3403C t r u e  RMS 

vol tmeter .  The Tektronix 7704 o a c i l l o s c o p e  w a s  used t o  observe ii(t),  

ei(t), @ ( t ) ,  p i ( t )  as well as t h e  ins tan taneous  B-H loop of t h e  c o r e  

under test. 

1 

2.5 Source Impedance E f f e c t s  

Source impedance e f f e c t s  d i scussed  i n  the l i t e r a t u r e  (Refs. 16 

and 17) show t h a t  t h e  width or' t he  B-H loop t o  be dependent upon t h e  

d r i v i n g  source  impedance. 

ope ra t iona l  a m p l i f i e r ,  a voltage. 

By chang4n.g t h e  feedback parameter on the  
* 

. 6 %) o r  a c u r r e n t  source  







2 1  

(Rs >> R ) may be simulated.  

t e r i s t i c s  for these  two source conf igura t ions  are sllown i n  Figures 4 

and 5.  For t h e  same BM condi t ions ,  t h e  width of t h e  B-H loop is  

wider i f  t h e  c o r e  is  being d r i v e n  by a c u r r e n t  source .  However, i f  

t h e  f l u x  is observed for t h e s e  two source  condi t ions  i t  can be seen 

t h a t  f o r  s i n u s o i d a l  c u r r e n t  condi t ions ,  t h e  f l u x  approaches a square  

wave. This  is a condi t ion  having a higher  d g l d t  rate i n  t h e  core  

than that r e a l i z e d  under s i n u s o i d a l  v o l t a g e  condi t ions .  Therefore ,  

t h e  observed E-H width is r ea l ly  a f u n c t i o n  of 

being dependent upon source  impedance. 

The flux, c u r r e n t ,  and B-H loop charac- L 

d4/dt  r a t h e r  than 







CHAPTER 111 

ANALYTICAL CORE LOSS CALCULATIONS 

3.1 In t roduct ion  

Analy t ica l  p r e d i c t i o n  of  core loss i n  magnetic materials is 

important from both an economic (Ref. 18) and an engineer ing  des ign  

(Ref. 13) s t a d p o i n t .  Accurate p r e d i c t i o n  al lows design t r a d e o f f s  t o  

be made between t h e  areas of weight ,  e f f i c i e n c y ,  and performance. In 

a d d i t i o n  new c i r c u i t  developments employing magnetic devices  may b e  

more f u l l y  analyzed without  hardware f a b r i c a t i o n .  E a r l y  work (Ref. 20) 

a t  f requencies  of up t o  200 W z  w a s  aimed at  measuring t h e  magnetic 

p r o p e r t i e s  of i ron .  Separat ion of core loss i n t o  its s p e c i f i c  compo- 

n e n t s  of eddy c u r r e n t ,  s t a t i c  h y s t e r e s i s ,  and anomalous loss has been 

examined i n  g r e a t  depth (Refs. 21  t o  23) f o r  l o w  frequency (<1 kHz) 

s i n u s o i d a l  e x c i t a t i o n s .  

With t h e  growth of power e l e c t r o n i c s  t o  h igher  power levels and 

t h e  employment of new conver te r  techniques,  t h e  need t o  understand t h e  

p r o p e r t i e s  of magnetic materials under nonsinusoidal  condi t ions  is 

a r i s i p g .  

loss (Ref. 5 )  i n d i c a t e  a l a c k  of  theory to p r e d i c t  t h e  loss d i f f e r e n c e  

observed between t h e s e  two e x c i t a t i o n s .  However, i f  t h e  dependence of 

t h e  B-H c h a r a c t e r i s t i c s  upon t h e  f l u x  condi t ions  descr ibed  i n  Sec t ion  

2.5 is expanded, t h e  loss c h a r a c t e r i s t i c s  f o r  these  two e x c i t a t i o n s  may 

be q u a l i t a L i v e l y  observed, and predic ted  using easily obta ined  d a t a .  

In t h i s  chapter  a comparison between s i n u s o i d a l  and square  wave 

Recent cornpartsons between s i n u s o i d a l  and square  wave core  

24 
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core b e  3s made. 

values publbhed  i n  the  l i t e r a t u r e .  N e x t ,  pulse wldth modulatei sc,uare 

wave excitation is used a~ an a n a l y t i c a l  tool t o  achieve 8 tnre seyarl- 

tion between the dg/dt and Bpi e f fec t s .  aiaally, three methods are 

developed to d y t i c a l l y  pred ic t  the SCL f o r  square wawe excitation. 

These E s u l t s  are compared w i t h  experinaeatally meamred results ob- 

ta ined under the  same exc i t a t ion  conditions. 

The results are Shawn to be cowistent with the 

3.2 Speci f ic  Core Loss Hea8urements 

To generate the  SCL c h a r a c t s r i s t i c s  under square wave  e x c i t a t i o n  

for the magnetic materials s tudied ,  d a t a  w a s  taken by holding d$/dt 

constant and vary i ig  the excitation frequency. 

core was measured at  regular frequency intervals. 

The power input  to  the 

The actual values 

f o r  SCL ia waTts/pound and 4 i n  gauss were ca lcu la ted  from the  

raw d a t a  using the  following formulas: 

= SCL(W/lb) Measured core loss i n  w a t t s  
Measured core weight i n  pounds 

k = 4 f o r  square wave exc i t a t ion  

= 4.44 f o r  s inusoida l  exc i t a t ion  

Figure 6 shows the s p e c i f i c  core 108s f o r  1/2 mil cut  Supermalloy 

under both s inusoida l  (Fig. 6(a)) and square wave (Fig. 6(b)) .  In 

addi t ion,  comparisons are made w i t h  published s inusoida l  data for these 

two exc i t a t ion  conditions. 

and measured values fo r  s inusoida l  exc i t a t ion  may b e  accounted f o r  by 

The major d i f fe rence  between the  published 



lal lK 1OK 
flux density. gauss 

5 (a) SCL uz mil cut Supermattoy u n k  sinusoidal ex- - 
e 
f 

Y 
6 
3 
VI 

citation. 

.a L 
100 
1 

Frequency. Hz 

(c) SCL characteristics from Arnold. 

8) SCL for y2 mil cut Sup8rmalloy under square wave 
excitation. 

Flux Cnsity, gauss 

(dl SCL Characteristics from Magnetics Inc. data. 

Figure 6. - Compfwison of SCLcharacteristics for sinusoidal and ware wave excitation with published data. 
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several factors :  

Probable accuracy of the published da ta  

Accuracy of t he  core loss maasurement 

Limited raw core loss d a t a  ava i lab le  

Driving source Impedance 

Measurement of actual exc i t a t ion  voltage level 

V a l u e  assumed f o r  s tacking f ac to r  

Batch va r i a t ions  f o r  the magnetic material 

Actual lamination thickness 

It is i n t e r e s t i n g  to  note  tha t  f o r  equal values of BM the  SCL 

f o r  s inusoida l  e x c i t a t i o n  is g rea t e r  than f o r  square wave  exc i ta t ion .  

Examp le : 

BM = 2k gauss 

SCL (sine) - 0.078 W/lb 

SCL (square) - 0.058 W/lb 

frequency = 1 ktIz 

From these results i t  can be seen tha t  the SCL f o r  square wave 

exc i t a t ion  is approximately 26 percent less than the SCL f o r  s inus-  

o i d a l  exc i ta t ion .  'fiis result is cons is ten t  with previous observations 

(Ref. 5) which compared loss conditions f o r  these two exc i t a t ions .  

To a id  i n  the  development of methods fo r  s p e c i f i c  108s calcula- 

t i ons ,  da ta  is rep lo t ted  with the frequency and f l u x  dens i ty  axes 

interchanged. Figure 7(a) shows SCL versus frequency w i t h  BM as 

a parameter f o r  cu t  1 / 2  mil  Supermalloy under s inusoida l  exc i t a t ion .  

Figure 7(b) shows these cha rac t e r i s t i c s  fo r  square wave exc i ta t ion .  

For square wave exc i t a t ion  conditions, d$/dt was held constant as well 

as frequency. This allowed the  addi t iona l  parameter of d$/dt t o  be 



100 1K 1OK loOK 100 1K 1OK 
Frequency, hertz 

(a) Specific core loss characteristics for cut 112 mil Super- @ I  Specific core loss characteristics for cut 1/3 mil Super- 
malloy for square wave excitation with BM and d@dt 
as parameters. 

malloy for sinusoidal excitation. 

Figure 7. - SCL characteristics for sinusoidal and square wave excitation wRh axes interchanged. 



plo t ted  on the same SCL c h a r a c t e r i s t i c  (Fig. 7(b)). 

3.3 Separation of Loss Variables at Constant Frequency 

I f  e x c i t a t i o n  is r e s t r i c t e d  t o  t h a t  of a constant freauency pulse  

e f f e c t s  may be determined fo r  width modulated square wave, the  

various constant values  of BM. 

forms f o r  p ( t ) ,  i(t), and e(t). Pos i t i ve  i(t) values  correspond t o  

H (Ni(t)L-') values  to  the  l e f t  of t he  B-axis while negat ive 

ues correspond t o  H values  on the  r i g h t  of t h e  B-axis .  Also, p ( t )  

values  are both pos i t i ve  and negat ive which corresponds t o  energy sup- 

. pl ied  t o  o r  energy returned from the  core. 

Figure 9 shows the  instantaneous B-H loop of 1/2 mil Supermalloy 

dg/dt (change i n  duty cycle) values while holding 

dg/dt 

Figure 8 shows t h e  instantaneous wave- 

i(t) val-  

measured f o r  various 

BM From 

tnis f igure ,  i t  may be scen t h a t  as dg/dt increases  the  B-H loop 

area f o r  t ha t  port ion of the  cycle  also increases .  Since the B-H 

area is proport ional  t o  t . 2  energy loss, and the  add i t iona l  B-H area 

is proport ional  t o  

energy loss observed is prosort ional  t o  

c \mstant  a t  6.76 K gauss, a d  frequency constant a t  2 kHz. 

dt$/dt, i t  is assumed t h a t  the  addi t iona l  ha l f  cycle 

dcj/dt. 

This procedure w a s  then repeated fo r  severa l  values of  BM with 

frequency held constant with the results shown i n  Figure 10. 

f i gu re  i t  is seen tha t  for  constant 

creases with BM. I f  the  l i n e s  of constant BM could be l i n e a r l y  

extrapolated,  the  ord ina te  (dg/dt = 0) in t e rcep t  would ind ica t e  the 

hySterefd.6 increase with BM. 

both d$/dt and BM. However, i t  is i n t e r e s t i n g  t o  note  tha t  fo r  a 

constant value of 

From t h i s  

dcj/Gt, the t o t a l  core l o s s  in-  

The eddy current  l o s s  is dependent upon 

BM, the  half  cycle loss is l i n e a r l y  dependent on 







32 

Constant frequency - 2 Mz Bhl 
6.76 kG 

0 5 10 15 25 

Figure la - Half cycle specific core loss per cycle vs wdt with BM as a parameter. 
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d4Idt .  This procedure shows t h a t  a t r u e  s e p a r a t i o n  of t he  v a r i a b l e s  

J g l d t ,  and may be achieved u s i n g  pu l se  width modulated square 

wave e x c i t a t i o n  techniques.  These c h a r a c t e r i s t i c s  w i l l  be used t o  

q u a l i t a t i v e l y  exp la in  the  d i f f e r e n c e s  observed i n  t h e  5-H loop f o r  

s i n u s o i d a l  and square wave e x c i t a t i o n .  

Bp, 

X comparison of t h e  B-H Loop c h a r a c t e r i s t i c s  under both cons t an t  

(square wave ( f i g .  l l ( a ) )  and v a r i a b l e  ( s inuso ida l  ( f i g .  l l ( b ) )  d$ /d t  

cond i t ions  measured while  ho ld ing  both frequency and 

h y s t e r e s i s  loss) constant  is shown i n  Figure 11. Figure l l ( c )  i l l u s -  

trates some i n t e r e s t i n g  cond i t ions  which, t o  t h e  au tho r ' s  knowledge, 

have never been shown in t h e  l i t e r a t u r e .  

t h a t  the t o t a l  h a l f  c y c l e  core  loss is composed of a h y s t e r e s i s  loss 

which is propor t iona l  t o  

t i o n a l  t o  bot!i d$/dt  and BH. 

BM ( r e l a t e s  to  

I t  has been shown (Fig.  1 0 )  

BZI, and an  induced eddy c u r r e n t  loss propor- 

Since B?* is held cons t an t ,  h y s t e r e s i s  l o s s  is  cons t an t ,  and eddy 

c u r r e n t  loss is dependent on d$/dt  only. The fol lowing q u a l i t a t i v e  

observat ions may be made. A t  po in t  1, d$ /d t  f o r  t h e  s i n e  wave is 

equal  t o  zero while d+/dt  f o r  t he  square wave is equa l  t o  some pos i -  

t i v e  cons t an t  value g r e a t e r  than zero.  Therefore,  t he  core  l o s s  f o r  

t h e  square wave is greater (wider B-H width) than t h a t  €or t h e  s i n e  

wave a t  po in t  1. .As t he  f l u x  d e n s i t y  inc reases  t o  po in t  2 ,  dg/dt  for  

t h c  s i n e  wave reaches i t s  maximum value.  This value of d$ /d t  is 

-reater than the  d+ /d t  for t h e  square wave, and tlie corresponding co re  

l o s s  (B-H width) i s  g r e a t e r .  A s  tlie f l u x  d e n s i t y  inc reases  t o  po in t  3 ,  

d$ /d t ' s  f o r  t he  s i n e  and square wave a r e  approximately equa l .  

responds t o  an equa l  B-H width.  As t h e  f l u x  approaches po in t  4 the 

same cond i t ions  as p o i n t  1 are repeated.  

This cor-  







3.4 Analy t ica l  Calcu la t ion  Methods 

Using t h e  SCL cLaracteristics for square  wave e x c i t a t i o n  t h r e e  

methods were developed which a n a l y t i c a l l y  p r e d i c t  the  SCL o f  a m g -  

n e t i c  material r o r  pu l se  width modulated square  wave e x c i t a t i o n .  These 

methods are d iscussed  i n  d e t a i l  below. 

Xethod 1 - S p e c i f i c  core  loss based on B?! of t h e  core .  - l’he 

SCL c h a r a c t e r i s t i c s  presented i n  F igu re  7(b) relate the  t o t a l  s p e c i f i c  

l o s s  ( h y s t e r e s i s  + eddy cu r ren t  = t o t a l  l o s s )  t o  frequency with B21 3s 

a parameter. This d a t a  w i l l  be  used t o  determine the co re  l o s s  charac- 

t e r i s t ics  with pulse  width moddated square wave co re  e x c i t a t i o n .  This 

method is t h e  most i n d i r e c t  approach t o  c a l c u l a t i n g  the  s p e c i f i c  core  

l o s s .  It r equ i r e s  an accurate measure o f  t h e  e f f e c t i v e  c r o s s  s e c t i o n a l  

area of t i  -?re. General ly ,  t h i s  is a parameter vhlch.  is nct atcx-  

ra tely k,  the  power e l e c t r o n i c s  designer .  

Figure A ’  >bows the  osc i l l o scope  t r a c e s  of a 1090 Hz square  wave 

ope ra t ing  over  d duty cyc le  range of 10 t o  50 percent .  For each duty 

cyc le  t h e  vol tage  f o r  t h e  p o s i t i v e  cyc le  is ad jus ted  t o  a m a x i m u m  value 

of 4 vo l t s .  The DC o f f s e t  i n  the  core  is held t o  a minimum. Therefore ,  

t h e  nega t ive  and p o s i t i v e  h a l f  cyc le  volt-seconds are equal .  

In o rde r  t o  use the  Figure 7(b) c h a r a c t e r i s t i c s  t he  BM value f o r  

each duty cyc le  condi t ion  must be determined. This value may b e  ob- 

ta ined  as fol lows:  
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From Faraday's l a w  

e 5 -N d@/dtx10'8 ( v o l t s )  
C 

Therefore 

d$/dt = -e N'lx108 (maxwells/second) 
C 

For each cyc le  po r t ion  

A$ = (dg/dt)At 

A$ = -ecN-' Atx108 

(3 .3 )  

( 3 . 4 )  

where : 

Ae = Ac x SF (cm ) 

it = number of t u r n s  

e 

2 

A t  + r e l a t e d  t o  duty cyc le  
C '  

Using 1 / 2  mil Supemal loy  as an example, for a frequency of 

1000 Hz, t h e  

determined as follows: 

BM values  corresponding t o  each duty cyc le  width can be  

B ( p o s i t i v e  cycle) = -0.5 ( 3 . 9 )  ( 1 0 0 ~ 1 0 - ~ )  ( 1 0 ~ 1 . 9 7 ) - ~ x l O ~  M 
= -990 gauss 

BM (nega t ive  cyc le)  = -0.5 (-0.44) ( 9 0 0 ~ 1 0 - ~ )  (10~1.97)-1x108 

= 1000 gauss 

BM ( p o s i t i v e  cyc le)  ; BM (nega t ive  cyc le)  

Considering t h e  p o s i t i v e  h a l f  cycie only  t h i s  c a l c u l a t i o n  can b e  

repeated f o r  t h e  remaining four cases w i t h  t h e  results shown below: 
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+ 
h t y  cycle ,  At-ps ec, 4, 

v o l t s  gauss pe rcen t 

10 100 3.9 990 
20 200 3.9 1980 
30 300 3.9 2470 
40 400 3.8 3858 
50 500 3.4 4315 

lhis da ta  can now be used withFigure 7 ( b ) t o  de te rmine thespec i f ic  

core l o s s  associated with each duty cycle condition. The results of 

these ca lcu la t ions  a re  shown on Figure 13. 

During the  experiment the  s p e c i f i c  core l o s s  was measured fo r  

each duty-cycle condition. 

culated results is 'shown i n  Figure 14. 

A comparison between the  measured and cal- 

A t  the 50 percent duty-cycle 

condition 

l o s s  w a s  : 

From 

be easily 

the e r r o r  between the  measured and ca lcu la ted  s p e c i f i c  core 

= 0.31 W/lb scLcalc 

SCL,eas = 0.339 W/lb 

Sumas - scLcalc 

SCLmeas 
percent e r r o r  = (3.8) 

x 100 = 8.6 percent 0.339 - 0.31 
0.339 percent error = 

these r e su l t s  it may be seen t h a t  the  s p e c i f i c  core l o s s  can 

calculated for p u l s e  width modulated square waves i f  the base 

frequency, exc i ta t ion  voltage l eve l ,  duty-cycle, number of t u r n s ,  and 

the e f f e c t i v e  cross sec t iona l  area of the  core is known. Also, f o r  a 

constant input  voltage as the duty cycle increases, BM increases ,  and 

t h e  s p e c i f i c  core lo s s  of t he  magnetic device increases .  
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Figure 13. - Specific core loss characteristics for cut U2 mil Supermalloy under duty 
cycle conditions. 
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0 10 20 30 40 60 
Dulycycle, 96 

Figure 14. - Comparison of calculated vs measured values of SCL for 
U2 mil Supermalloy as a function of duty cycle for a 1 kHz - 3.0 
volt pulse voltage. 
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Method 2 - S p e c i f i c  c o r e  loss based on d$/d t  in t h e  core.  - The 

s p e c i f i c  a r e  loss c h a r a c t e r i s t i c s  presented  in Figure 7(b) relate t h e  

t o t a l  s p e c i f i c  core  l o s s  t o  frequency wi th  BM and dg/dt as param- 

eters. I f  t h e  BM parameter is ignored on t h i s  f i g u r e ,  t h e  s p e c i f i c  

core  l o s s  can be c a l c u l a t e d  by us ing  t h e  

equiva len t  e x c i t a t i o n  frequency. 

dg /d t  parameter and an 

I n  the  d i scuss ion  of Sec t ion  3.3 t h e  core  loss was shown t o  be a 

func t ion  of BM and d$/d t .  For a pu l se  width modulated square  wave 

with a cons tan t  p o s i t i v e  dg/d t  and cons tan t  nega t ive  d$ /d t ,  BM is 

determined d i r e c t l y  by t h e  l eng th  of tima t h a t  t he  pu l se  is  on. 

width of t h i s  "on pulse" has  an "equivalent"  frequency of 

The 

USO, it  was shown t h a t  t h e  t o t a l  s p e c i f i c  core  l o s s  p e r  cyc le  

could be  broken down i n t o  a h a l f  cycle l o s s  dependent on dg/d t .  

Therefore,  the t o t a l  s p e c i f i c  core  l o s s  may be determined us ing  the  

following i -e la t ionship.  

Tota l  SCL = (SCL/cycle) ( e x c i t a t i o n  frequency) 

where 

SCL+ 

SCL- 

f+ p o s i t i v e  cycle equ iva len t  frequency 

f' negat ive  cyc le  equ iva len t  frequency 

p o s i t i v e  cyc le  s p e c i f i c  core  l o s s  

nega t ive  cyc le  s p e c i f i c  core  l o s s  

eq 

eq 
e x c i t a t i o n  frequency fex 

(3.10) 
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Example : 

13 percent  duty-cycle case: 

e+ = 3.9 v 
C 

- 
e 9 0.44 V 

C 

fex = 1000 Hz 

ton * 1 0 0 x 1 0 - ~  sec 3. 

Then 

us ing  Faraday's law 

(dQ/dt )+  = 3.9(10)-1x108 = 39x10 6 maxwells/sec 

(de/dt) '  = 0.44(10)-1~108 = 4 . 4 ~ 1 0  6 maxwells/sec 

Replo t t ing  Figure 7(b)  as Figure 15 w i t h  (dQ/dt )+ ,  (d$ /d t ) - ,  f+, 

and f-  shown, t h e  corresponding SCL's may be read d i r e c t l y  from t h e  

f i g u r e  : 

SCL' = 0.082 watt/pound 

SCL- = 0.0063 watt /pound 

Using t h e  equat ion  f o r  t h e  t o t a l  

obtained : 

SCL t he  following r e s u l t s  are 

+ 0.0063)1000 
555 

Tota l  SCL = 0.014 watt/pound 
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1K 1OK loOK 
Fr equency. hertz 

. 001 
100 

Figure 15. - SCL for f& and fh with an excitation frequency of 1 kHz and 10% 
duty cvle. 
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summarizing ti:.? r e s u l t s  f o r  t h e  o t h e r  condi t ions  we have: 

= 1000 Hz fbase  

XI06 max/sec Duty cyc le ,  f+ f-  
d t  d t  eq '  eq 9 

Hz HZ 
percent  

10 5000 555 
20 2500 625 
33 16 70 7 14 
40 1250 833 
50 1000 1000 

39 
39 
39 
38 
34 

4.4 
10 
16 
26 
34 

From Figure 15  the  SCL' and SCL- can be  obtained.  Again 

us ing  the  t o t a l  SCL equat ion:  

20 percent  duty cycle:  

Total  SCL = 7 + u) 625 1000 = 0.054 W/lb 

30 percent  duty cycle:  

Tota l  SCL = (s 
40 percent  duty cycle: 

Tota l  SCL = *(% 

+ z) 1000 = 0.124 W/lb 7 14 

+ *) 1000 = 0.235 W/lb 833 

50 percent  duty cycle:  

Tota l  SCL = ( '03 1000 + E) 1000 = 0.3 W/lb 

In Figure 16  these ca l cu la t ed  SCL's are compareo with the meas- 

ured SCL values  f o r  t hese  duty-cycle condi t ions .  The percent  e r r o r  

is t h e  same as obtained with method 1 (8.6 pe rcen t ) .  

Method 3 - Spec i f i c  core  l o s s  based on incremental  d4/dt i n  

the  core .  - The technique developed i n  method 2 allows determinat ion 

of Lhr spec i f ic  core l o s s  based on t h e  d$/d t  value f o r  the e n t i r e  

8 o s i t i v e  o r  t h e  e n t i r e  nega t ive  cyc le  of the square wave. I n  Sec- 
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e 4 r  

Method 2 

0 10 20 30 40 60 
Duty cycle, % 

Figure 16. - Comparison of calculated vs measured values of SCL as 
a function of duty-cycla for a 1 kHz - 3.9 valt pulse voltage. 
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t i o n  3.3 t h e  dependency of t h e  B-H width on d4/dt w a s  developed. 

For a p a r t i c u l a r  frequency and BM 
developed f o r  various dt#t/dt values as shown i n  Figure 1 7 .  Using 

actual square waves observed i n  t h i s  experiment (Fig. 12),  i t  can be 

seen t h a t  f o r  any i n t e r v a l  t h e  a c t u a l  e x c i t t n g  vol tage  is no t  a con- 

st- e value. This would i n d i c a t e  t h a t  t he  corresponding d@/d t  va lues  

over t h e  cyc le  a re  not of cons tan t  value. 

down i n t o  d i s c r e t e  sample i n t e r v a l s  t h e  corresponding locus  of p o i n t s  

on t h e  B-H loop may be p l o t t e d  as A t  is incremented. The corre-  

sponding 

f o r  t h a t  i n t e r v a l .  

At would translate i n t o  a locus  of p o i n t s  on the  B-H loop. This 

approach may be used t o  exp la in  t h e  

var ious  e x c i t a t i o n  condi t ions .  

l e v e l  a family o f  curves could be 

I f  t he  waveform is broken 

B-H w i d t h  would be a d i r e c t  func t ion  of t h e  p u l s e  he igh t  

Figure 17(b) shows how the pu l se  he igh t ,  d@/dt ,  and 

B-H loop shapes observed under 

Rela t ing  these  var ious  d$/d t  rates t o  loss a t  t h e  p o s i t i v e  

equiva len t  frequency, t h e  SCL c h a r a c t e r i s t i c s  of Figure 17(c) may 

be used t o  determine t h e  incremental  core  l o s s .  

The l o s s  per  i n t e r v a l  is c a l c u l a t e d  as follows: 

+ 1  T+ = n A t i  = - 
2f+ 

where n = number of increments 

(3.11) 

+ 1 
A t i  
- 
2nf+ 

The energy d i s s ipa t ed  i n  At: would be: 

(3.12) 

(3 .13)  

+ 
Ari I f  were made smali enough, the d i f f e r e n c e  between the  inc re -  
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(a) Family of curves ibr various 
arpJdt values. 

(b) Relationship of incremental @/dt rates bo B-H loop. 

f+ 0 1  

2T+ 
Frequency, Hz 

(c) SCL characteristics for various W d t  
values. 

Figure 17. - Family of 8-H loops and SCL characteristics based on d@dt as a 
parameter. 
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mental e x c i t a t i o n  and t h e  a c t u a l  e x c i t a t i o n  would approach zero  hjl a 

l i m i t .  

The t o t a l  energy over  t h e  p o s i t i v e  cycle is simply t h e  summation 

of t h e  incremental  

S imi l a r ly  the  t o t a l  

+ B E  's: 

3 
T +  W-sec 

ill i=l 

5 AEi = - + lb-cycle  2nf r 

energy f o r  t he  nega t ive  cyc le  is 

1 '. \ W-sec 
I 2mf- /I lb-cycle  
i=l 

AEi = - 
i=l 

(3.14) 

(3.15) 

and t h e  average power would be: 

+ 
T E + ET 

T+ + T' 
Wllb (3.16) SCLT = s p e c i f i c  power ioss = 

Applying t h i s  technique t o  t h e  10 percent  PWM square  wave case w e  

have : 

P o s i t i v e  cycle 

+ 
Wllb 

I n t e r v a l  e c' 9 : l o 6  max/sec sa i ,  
(Ati = 20 PSI volts d t  

1 3.4 34 0.063 
2 4.0 40 .092 
3 3.9 39 .087 
4 3.9 39 .087 
5 4.0 40 .092 

C 0.421 
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Negative cycle 

0.2 
.4 
.4 
.4 
.44 
.5 
.5 
-55 
-55 

2 
4 
4 
4 
4.4 
5 
5 
5.5 
5.5 

0.00092 
.0044 
.0044 
.0044 
.0055 
.0074 
.00?4 
.0091 
.0091 

C 0.05262 

-6 W-sec (0.421) = 8.42~10 lb-cycle 1 
E; = 2. x 5 x 5005 

(0 . O m 2 )  = 5.267 ~ 1 0 ' ~  - 1 ET = - 2 x 9 x 555 lb -cyc le  

8 . 4 2 ~ 1 0 ~  + 5 .267~10-~  - wflb SC$ = 
1oox10-6 + 9oox10-6 

For the  remaining cases w e  have 

21) percent: 

10 
A t +  = 20 us 

y-\ + 
i 

i=l 

8 
TSCT,,; = 0.298 

i=l 

A t ;  = 100 PS 
L J  

1.764 0.298 
2 x 10 x 2500 + 2 x 8 x 625 o.065 W/lb SCLT = 

200x10-6 4. 8oox10-6 
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30 percent: 

CLf = 4. 

7 - 
C S C L ;  = 0.621 A t i  = 100 us 
i=1 

4.554 + 0.621 

3 0 0 ~ 1 0 - ~  + 7 0 0 ~ 1 0 - ~  
2 x 15 x 1670 2 x 7 x 714 o.153 w/lb SCL, = 

L 

40 percent: 

20 
+ SCL; = 8.204 Ati = 20 ps L 

i=l 

-. 
SCL; = 1.117 A t i  = 103 ps 

is1 

7.73 1.117 

4 0 0 ~ 1 0 - ~  + 6 0 0 ~ 1 0 - ~  
2 x 20 x 1250 + 2 x 6 x 833 = o.266 W,lb S C L ,  = 

51) percent: 

25 
+ 

~ S C L ~  = 9.03 

i=l 

A t i  = 20 us 
# 

5 
E S C I . ;  * 1.66 

i=1 

A t ;  = 100 ps 

1.66 + 9.03 

5 0 0 ~ 1 0 ~ ~  + SOOX~O-~ 
SCL, * 2 x 25 x 1000 2 x 5 x 1000 e o.347 w,lb 

A comparison of t h i s  value with the  measured r e su l t s  is shown in 
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Figure 18. 

1 and 2. 

The e r r o r  using this technique is less than t h a t  of methods 

The ins tan taneous  p ( t )  waveforms are shown in f i g u r e  19. A 

P h i l l i p s  PM3252 mul t ip ly ing  osc i l l o scope  w a s  used t o  o b t a i n  p ( t ) .  In 

the  top phot:, a r e s i s t i v e  load was used t o  v e r i f y  the accuracy of t he  

m u l t i p l i e r .  For t h e  square  wave t h e  growth of p ( t )  is f a i r l y  linear 

with time, which suppor t s  t h e  pre l iminary  assumptions used in devel-  

oping t h i s  method. 
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Figure 18. - Comparison of calculated vs measured values of SCLas a 
function of duty cycle for a 1 kHz - 3.9 volt pclse voltage. 





CHAPTER IV 

GENERAL CORE LOSS AdALYSIS 

4.1 In t roduct ion  

Analysis techniques such as harmonic a n a l y s i s  and d i g i t a l  aimu- 

l a t i o n  of eddy cu r ren t  l o s s e s  have previous ly  been used f o r  p r e d i c t i o n  

of core l o s s e s  of d i s t o r t e d  f l u x  waveforms (Ref. 24). Eddy cu r ren t  

co r rec t ion  f a c t o r s  (Ref. 25) have a l s o  been employed i n  e s t i m a t i n g  t h e  

core  l o s s  of s i n u s b i d a l  e x c i t a t i o n  cons ider ing  only  t h e  fundamental 

and one harmonic component. 

chapter  i s  used t o  a n a l y t i c a l l y  p r e d i c t  the s p e c i f i c  core loss for sev- 

eral d i s t o r t e d  waveform e x c i t a t i o n s .  

I n  t h i s  chap te r  method 3 of t h e  prev ious  

Since this method is based upon the  swnmation of a l a r g e  number of 

sample p o i n t s ,  toe d i g i t a l  computer was used f o r  high speed core  loss 

ana lys i s .  In  o r d e r  t o  minimize t h e  number of subrout ines  o f  the com- 

pu te r  algorithm, a gene ra l  c h a r a c t e r i s t i c  equation was der ived  using 

experimental data .  This equat ion  relates SCL t o  t he  equ iva len t  f r e -  

querlr-? and d$/dt.  An alternate equation which relates SCL t o  equiv-  

.ifnnt frequency and BM was a l s o  derived. For a n a l y s i s  of the SCL 

: ~ ~ . r ~ c t e r i s t i c ~  a s p e c i f i c  magnetic material having a known t ape  o r  

gra in  th icknesses ,  only a cons tan t  and two exponent values must be 

suppl ied  i n  t h e  i n i t i a l  d a t a  format. 

Using t h e  square wave SCL c h a r a c t e r i s t i c s  and tl-.e computer a lgo-  

ritnrn, analyses were performed f o r  s i r tusoidal  and nons inusoida l  exc i -  

t a t i o n  condi t ions  using Supermalloy, Square Permalloy 80 , and f e r r i t e  

54 
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materials. 

l o s s  c n a r a c t e r i s t i c s  of a 1 /2  mil Supermalloy material ope ra t ing  a t  

1000 Hz is measured exper imenta l ly  and c a l c u l a t e d  a n a l y t i c a l l y .  

As a f i n a l  i l l u s t r a t i o n  o f  t h e  mathod, t h e  s i n u s o i d a l  core  

4.2 Development of Computer Algorithms 

The SCL c h a r a c t e r i s t i c s  f o r  va r ious  types of magnetic materials 

is presented  i n  appendix A. Due t o  the  logar i thmic  n a t u r e  of t he  char- 

a c t e r i s t i c s ,  t h e  SCL equat ion  f o r  e i t h e r  the d$ /d t  parameter o r  t he  

BM parameter would have t h e  fol lowing form: 

SCL - a f x  (4.1; 
eq 

The exponent x cquld be e i t h e r  p o s i t i v e  (let x = d) o r  nega t ive  

(let x = u) depending upou t h e  parameter being examined. The cons tan t  

a is a l s o  a l oga r i thmic  func t ion  of e i t h e r  d@/d t  o r  BM. The equa- 

t i o n  f o r  t h e  cons tan t  i s  as follows: 

a = g(d4/d t lc  ( f o r  t h e  d$/d t  parameter) (4 2) 

or 

(4.3) 
2 a = s (BM)  ( f o r  t he  BM parameter) 

Combining Equation (4.1) Kith the  appropr i a t e  cons t an t  equa t ion ,  t he  

following two equat ion  forms may b e  used t o  determine the  SCL f o r  a 

s p e c i f i c  frequency and BM o r  d$ /d t  l e v e l :  

For d4t/dt: 

For BM: 

SCL - s(B,)' f d  
eq 

(4.4) 

(4.5) 

Values f o r  t he  cons t an t s  g and s ,  and f o r  the exponents c ,  d,  

z ,  and P f o r  var ious  magnetic materials were determined from t h e  
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Constant 

C 

g 

U 

experimental da ta  shown i n  appendix A. 

shown i n  tables I1 and 111. In Equation (4.5) a t  low f l u x  dens i t i e s ,  

the d exponent was determined by Steinmetz t o  be 1.6 for electrical  

sheet  steel (Ref. 26). 

exponent may be as high as 2.5. 

ured i n  these experiments f a l l s  within t h i s  upper l imi t .  The value o t  

tne  exponent w a s  found t o  be dependent upon both the magnetic mater ia l  

and the tape thickness. 

These calculated values are 

For higher flux dens i t i e s  the value of the 

The values of the exponent as meas- 

Tape thickness,  mils 

0.5 1.0 2 .o 4.0 

1.951 2.000 2.090 2.040 

7 .48x1O-l3 4 . 4 3 0 ~ 1 0 ' ~ ~  3 . 2 5 9 ~ 1 0 ' ~ ~  1 . l . 2 4 ~ 1 0 ' ~ ~  

-0.408 -0.825 -0.561 -0.297 

TABLE 11. - TABULATION OF THE CONSTANT AND EXPONENT 

VALUES USED IN EQUATION (4.4) 

Table 11.1. - Supemalloy-Cut Core 

I 1 

t-Y- 
Constant 

2.270 

2 . 5 3 7 ~ 1 0 ' ~ ~  

-1.000 

1.563 1.981 1.959 

3.819 x10-l' I 3.240 I 4.420 x1O'l4 1 
-0.811 I -0.500 I -0.345 I 

Table 11.2. - Supermalloy - Uncut 
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1.713 

T b l e  11.3. - Square Permalloy 80 - Uncut 

Tape thickness,  mils 

1.704 

Constant 

C 

g 

U 

3B 7 

2.64 

1. 544x10-ls 

-1.6 

1.0 I 2 .o 4 .O 

1.948 

7 . 9 9 ~ 1 0 - l ~  

1.948 

3 . 2 3 1 ~ 1 0 - l ~  

~~ 

1.0 2.0 4.0 

1.739 

9 . 2 0 2 ~ 1 0 ' ~ ~  

0.985 C 

-1.845 ~ 1 0 ' ~  2.759 ~ 1 0 - l ~  

-0.349 -0.225 I -0.226 -0.258 U 

Table 11.4. - F e r r i t e  

1 -  C o n s t a n t  -1 ~ Material I 

TABLE 111. - TABULATION OF THE CONSTANT AND EXPONENT 

VALUES USED I N  EQUATION (4.5) 

Table 111.1. - Supermalloy - Cut Core 

Cons tan  t I 0.5 
~ 

1.210 1.307 I 1.467 I 1.670 

I 2.084 

1.065 ~ 1 0 - l ~  

2.038 

2.87 6 x10-l2 

Table 111.2. - Supermalloy - Uncut 

Cons tan t Tabe thickness.  m i l s  

0.5 1.0 2.0 

t7 
4.0 

1.750 

2.020 

1.230 

1.940 

4 . 2 9 7 ~ 1 0 - l ~  

1.300 

2.000 

8 . 6 7 6 ~ 1 0 - l ~  

1.53 

2 .  l l c l  

9 . 5 7 8 ~ 1 0 ' ~ ~  1 . 0 5 6 ~ 1 0 ' ~ ~  I 
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~~ ~ ~ ~ 

Cons t a n  t Tape t h i c k n e s s ,  mils 

0.5 1.0 2 .o 4 .O 

d 0.624 1.456 1.459 1.613 

2 .976 1.696 1.722 1.884 

S 1 . 7 1 8 ~ 1 0 - ~  7.054 ~ S 0 - l ~  7 . 3 3 0 ~ 1 0 - l ~  9 ~ 4 7 x l O - l ~  
c 

Table 111.3. - Square Permalloy 80 - Uncut 

Table 111.4. - F e r r i t e  

constant  Material 

The use of Equations (4.4) and (4.5) i s  n o t  r e s t r i c t e d  to  a com- 

p u t e r  algorithm. Ey using a s imple hand c a l c u l a t o r  and t h e  a n a l y s i s  

methods d e s c r i b - d  i n  Sec t ion  3.4 t h e  SCL f o r  a p a r t i c u l a r  magnetic 

material and tape  th ickness  may be e a s i l y  determined. An example of 

t h i s  process  is shown i n  Figure 20. For t h e  waveform shown t h e  posi-  

t i v e  h a l f  c y c l e  frequency is 8.77 kHz, and t h e  nega t ive  h a l f  c y c l e  

frequency is 12.5 kHz. The measured SCL f o r  t h i s  waveshape is 0.144 

watts/pound. I f  t h e  SCL is c a l c u l a t e d  us ing  5 ps i n t e r v a l s ,  t h e  

c a l c u l a t e d  value is 0.132 watt/pound. This r e p r e s e n t s  an e r r o r  of 

8.3 percent .  

i n t e r v a i .  

This e r r o r  w i l l  b e  reduced by decreas ing  t h e  sample 

A computer a lgor i thm was developed which automates t h e  a n a l y s i s  

of t h e  l a r g e  number of sample p o i n t s  encountered i n  applyinL t h i s  

method. A l i s t i n g  of the  program is shown i n  Figure 21. The i n p u t /  
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e(t) 
5 Vldiv 

t = 10 ClJdiv 
Waveform excitation into a U2 mil 
Supermalloy cut core 

SCL 2.5rrx10’15 (dpldt)20 27 (4 3) 

Internal e!t! - V d@dt - maxweilsec 

1 0 0 
2 2.5 , 25xl4 
3 6.5 66x106 

6 11.0 11oxlo6 

9.5 95X106 
115x1~~ 

7 8.5 8M06 
8 5 5X106 

half 
cycle 11.5 

0 0 
3 m06 

8W06 
8.0 8OXlOb 
7.0 7OXlO6 

5.8 58XlO6 
5.0 50x106 

11 3.0 m06 
12 1.0 lWO6 

65x106 li 6.5 
l a  8.2 

6.5 65x106 

10 3.5 35X106 

half 
cycle 

13 0 0 

Using equation 3.16 

SCL watdlb 

.013 . 110 

.261 

. a 3  

.364 . a03 
0. m 
0 
.a7 
.157 
.266 
.297 
186 

.157 

.121 

.@17 

.039 

.027 

.m 

0 

0 

Figure 20. - An example to demonstrate the application of method 3 
and the specific core loss equations. 
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C 

10 
C 

20 
C 

C 

SO 
C 

b0 
C 

50 

51 

5 2  

5 1  

C 
6 0  

r 

80 

r 

.... 
FHtr 

Figure 21. - Program iistlng br SCL anslysls prognm 
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Material 

F e r r i t e  

Square Permalloy 80 

output  formats dre s h a m  i n  Figure 22. 

The same example shown i n  Flgu.e 20 w a s  r e c a l c u l a t e d  us ing  t h e  

The computer a lgor i thm with the  sample i n t e r v a l  decreased t o  2 us. 

ca lcu la ted  SCL f o r  t h i s  example w a s  c a l c u l a t e d  as 0.142 uat t /pauad.  

This represents  an error of only  1.4 percent  when compared with t h e  

experimental ly  measured SCL o f  0.144 watt/pound. 

This example demonstrates t h a t  the t h i r d  method developed i n  Sec- 

SCL f o r  h ighly  d i s t o r t e d  wave-  t ton 3.4 may be uszd t o  determine t h e  

forms. 

a n a l y s i s  w i l l  b e  improved. 

.Use, by decreasing the sample i n t e r v a l  t h e  accuracy of the 

4.3 Examples 

I n  t h i s  s e c t i o n  f i v e  examples are presented which demonstrate 

t h e  accuracy of t h e  incremental  d4/dt  method. Three magnetic mate- 

rials w e r e  used i n  t h e  a n a l y s i s  wi th  experimental  measurement of t h e i r  

SCL made under both s i n u s o i d a l  and nonsinusoidal  e x c i t a t i o n .  The 

waveform u s ~ d  i n  these  analyses  are shown i:i Figure 23. 

3B7 material and Square Permalloy 80 w e r e  analyzed us ing  t h e s e  w a v e -  

forms. The results of these  SCL ana lyses  are shown below: 

Both f e r r i t e  

S inusoida l  e x c i t a t i o n  Nonainusoidal e x c i t a t i o n  

Calculated Measured Calculated Measured 

0.388 W/lb 0.369 W/lb 0.244 W/lb 0.247 W/lb 

.777 W/lb ,716 W/lb .bS9 W/lb .831 W/lb 

l’ne percentages of e r r o r  shown f o r  these  examples are c o n s i s t e n t  

with thos - measured f o r  t h e  previous examples. Therefore t h i s  method 

may be used f o r  a n a l y s i s  over t h e  wide range of e x c i t a t i o n  condi t ions  

encountered i n  t h e  a p p l i c a t i o n  of  t h e  magnetic m a t e r i a l s .  
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Figure 22. - Input-output formats for automated calculation of SCLof a m;Sgnaic material. 
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This method may also be used wi th  t h e  square  wave SCL cha rac t e r -  

istics t o  determine t h e  SCL characteristics f o r  s i n u s o i d a l  e x c i t a t i o n .  

Figure 24 shows t k e  r e s u l t s  of an a n a l y s i s  of a 1000 Hz s i n e  wave for 

var ious  % l e v e l s .  The c a l c u l a t e d  r e s u l t s  shown as a bo ld  l ine are 

compared wi th  the  measured s i n u s o i d a l  c h a r a c t e r i s t i c s  fo r  1/2 mil 

Superinalloy material. 

SCL c h a r a c t e r i s t i c  may be achieved by this method of a n a l y s i s .  

The r e s u l t s  show t h a t  an extremely accu ra t e  
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Figure 2 4  - Comparison of calculated and measured results for specific core loss of 
1/2 mil cut Supermalloy under sinusoidal excitation at loo0 Hz. 



CHAPTER V 

CONCLUSIONS AND SUGCEST13NS FOR FUTURE RESEARCH 

5.1 Conclusions 

The research covered i n  t h i s  d i s s e r t a t i o n  provides t h e  power e l ec -  

t r o n i c s  des igner  wi th  a unique a n a l y t i c a l  t o o l  f o r  i n v e s t i g a t i o n  of t h e  

core  l o s s  c h a r a c t e r i s t i c s  of magnetic materials. Analys is  methods pre- 

v ious ly  a v a i l a b l e  were based s t r i c t l y  on s i n u s o i d a l  e x c i t a t i o n  vo l t -  

ages. Core l o s s  a n a i y s i s  has been based on t h e  assumption t h a t  eddy 

cu r ren t  and h y s t e r e s i s  l o s s  components are separable .  By using a 

novel e x c i t a t i o n  technique employing a pu l se  width modulated square  

wave, a t r u e  s e p a r a t i o n  of these two loss components w a s  shown expe r i -  

mentally. This approach provides a s t r a i g h t f a w a r d  a n a l y s i s  technique  

t o  c h a r a c t e r i z e  the  basi’ : core  loss process  of new materials (Ref. 27). 

For f ixed  BM cond i t ions  &he width of t he  B-H loop was shown 

t o  be a d i r e c t  func t ion  o f  I f  t h i s  concept is expanded, a 

family of B-H curves f o r  va r ious  BM l e v e l s  may be  cons t ruc ted .  

Using t h i s  family,  an o p e r a t i n g  B-H locus  may be  cons t ruc t ed  f o r  any 

type of waveform e x c i t a t i o n .  

s e rved  d i f f e r e n c e  i n  B-H width when e x c i t e d  from e i t h e r  a vo l t age  

s o u r & =  (narrow B-N width) o r  a c u r r e n t  cource (wider B-H width).  

The f l u x  c h a r a c t e r i s t i c s  under these  two source  cond i t ions  d i r e c t l y  

i n f l u e n c e  the  observed B-H shape. For s i n u s o i d a l  vo l t age  e x c i t a t i o n  

t h e  f l u x  is cos inuso ida l  in shape and has v a r i a b l e  d@/d t  va lues  over  

one cycle. For s i n u s o i d a l  cu r ren t  e x c i t a t i o n  t h e  f l u x  approaches a 

d@/dt .  

This approach w a s  used t o  e x p l a i n  t h e  ob- 
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square wave. This e x c i t a t i o n  causes correspondingly h igher  d@/dt  

values than those  encountered f o r  cos inusoida l  f l u x  cond i t ions .  

These results demonstrate the advantage o f  us ing  square  wave ex- 

c i t a t i o n  as an a n a l y s i s  t o o l  t o  determine core  loss c h a r a c t e r i s t i c s .  

In a d d i t i o n ,  wi th  square  wave e x c i t a t i o n  t h e  a p p l i c a t i o n  of Faraday's 

l a w  becomes s t r a igh t fo rward  as d @ / d t  is a cons tan t  value.  The spe-  

c i f i c  core  l o s s  c h a r a c t e r i s t i c s  were exper imenta l ly  measured by hold- 

i n g  d@/d t  

core loss c h a r a c t e r i s t i c s .  

cons tan t  and vary ing  f requencies  t o  develop a family of 

In  Chapter I1 t he  s t a t e -o f - the -a r t  i n s t rumen ta t i .  .I sys t em is 

discussed. 

less d a t a  quick ly  and accu ra t e ly .  

opera t ior  a m p l i f i e r ,  and t h r e e  d i f f e r e n t  feedback cond i t ions ,  cur- 

r e n t ,  vo l t age ,  and f l u x  sources  were easi ly  simulated.  This allowed 

the  magnetic c h a r a c t e r i s t i c s  of a l a r g e  number o i  source and excita- 

t i o n  condi t ions  t o  b e  compared and measured easil-7. With square  w a v e  

e x c i t a t i o n  d$ /d t  rates could t e  c a l c u l a t e d  di:  from e x c i t a t i o n  

vol tage  l e v e l s .  A t r u e  rms vol tmeter  w a s  used t r  measure t h e  e x c i t a -  

t i o n  vol tage  l e v e l .  Accurate co re  l o s s  was measured f o r  a l a r g e  num- 

b e r  of d a t a  po in t s  us ing  a wideband wattmeter. 

the c a p a b i l i t y  of measuring t h e  power i n  a 100 kHz square wave t o  

wi th in  2 percent .  

with a mul t ip ly ing  osc i l l o scope .  

both time base and X-Y c a p a b i l i t i e s  allowed s imultaneous observa t ion  of  

e ( t ) ,  i ( t ) ,  p ( t ) ,  @ ( t ) ,  and t h e  B-H loop charac ' :e r i s t ics  of t he  par- 

t i c u l a r  magnetic material under test. 

This sys tem was used t o  ob ta in  l a r g e  q u a n t i t i e s  of core  

Through the use  of a high power 

This wat tmeter  has 

Instantaneous energy measurements were obta ined  

A four  channel o sc i l l o scope  w i t h  
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ALSO i n  t i& chap te r  four  d i f f e r e n t  r i t h o d s  f o r  determining s t ack -  

S tacking  f a c t o r  e r r o r  i n  t h e  publ ished liter- i n g  f a c t o r  were covered. 

ature is as g r e a t  as 40 percent. With the  measurement methods used i n  

this chapter  t o  determine s t a c k i n g  f a c t o r ,  r e s u l t s  c o n s i s t e n t  t o  wi th in  

5 percent  were obtained.  Of t h e  fou r  methods used, t h e  o i l  d i sn l ace -  

ment method y ie lded  the  most conserva t ive  va lue  f o r  t h e  s t a c k i n g  f a c t o r  

parameter. 

Using the  SCL c h a r a c t e r i s t i c s  determined under squa re  w a v e  exci- 

t a t i o n ,  and the  concept of s e p a r a t i o n  of l o s s  v a r i a b l e s  a t  cons t an t  

f requency presented  i n  Chapter 111, t h r e e  a n a l y s i s  techniques were 

developed which p r e d i c t  t he  s p e c i f i c  core  l o s s  of a magnetic material 

under squa re  wave e x c i t a t i o n .  The t h r e e  methods c a l c u l a t e d  t h i s  core  

loss on the  b a s i s  of maximum f l u x  d e n s i t y  i n  t h e  co re ,  rate of  change 

of f l u x  wi th in  the  core ,  o r  upon t h e  incrementa l  rate of change of f l u x  

i n  t h e  core.  

In  Chapter I V  the  t h i r d  core  l o s s  method w a s  extended t o  inc lude  

the  a n a l y s i s  of both s i n u s o i d a l  and nons inusoida l  e x c i t a t i o n  condi- 

t i ons .  To implement the  method quick ly  and r e l i a b l y ,  genera l ized  spe- 

c i f i c  core  loss equat ions  of t he  var ious  magnetic materials were de- 

r ived  w i n g  experimental  da ta .  Once t h e s e  equat ions  are der ived ,  t h e  

s p e c i f i c  core  l o s s e s  f o r  var ious  e x c i t a t i o n  condi t ions  may be r e a d i l y  

ca l cu la t ed  us ing  a hand c a l c u l a t o r .  

d i s s e r t a t i o n  a computer a lgor i thm w a s  w r i t t e n  t o  provide a high speed 

ana lys i s  t o o l  which implements t h e  concepts  of  method th ree .  Analyt i -  

c a l  core  l o s s  p r e d i c t i o n s  compared w e l l  wi th  exper imenta l ly  measured 

core  l o s s  da ta .  

range of e x c i t a t i o n  condi t ions .  In  a d d i t i o n ,  the  b a s i c  SCL charac- 

For the  examples analyzed i n  t h i s  

These a n a l y s i s  methods are app l i cab le  t o  a broad 
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teris t ics  of any des i r ed  waveform e x c i t a t i o n  m y  be der ived.  

5.2 Applicat ions i n  Power E lec t ron ic s  

Most conver te rs  i n  use today e x c i t e  the magnetic components with 

some w e l l  def ined  f l u x  waveshape. 

requirements has l e d  t o  the development of  c e r t a i n  conver te rs  us ing  

L-C resonant power s t ages .  In these  conver te rs  the magnetic devices  

a r e  e x c i t e d  by pseudo-sinusoidal cu r ren t s .  The a n a l y s i s  methods de- 

veloped i n  t h i s  d i s s e r t a t i o n  are d i r e c t l y  app l i cab le  t o  t h e  a n a l y s i s  

of t h e  magnetic material behavior  under these  e x c i t a t i o n  condi t ions .  

The emergence of h i g h t r  power level 

Since a l l  DC-AC/DC conver te rs  ope ra t e  from some s t eady- s t a t e  

source  of raw power, 'the magnetic e x c i t i n g  vol tage  as a funct ion  of 

tine is a symmetrical  o r  asymmetrical  r ec t angu la r  wave. 

vol tage  pulse  width is determined by the  duty-cycle c o n t r o l  mechanism 

which is incorpora ted  i n t o  the  conver te r .  

aenca t ion ,  the  available duty cyc le  c o n t r o l  schemes are: 

The exac t  

In terms of t iming imple- 

f Constant on-time Tn, v a r i a b l e  o f f  t i m e  T 

Constant Tf , v a r i a b l e  Tn 

Constant (Tn + T ), v a r i a b l e  ind iv idua l  Tn and Tf 

Variable 

f 

Tn, T f ,  and (Tn + Tf)  

In  the  examples shown i n  Chapter 1x1, t he  duty cyc le  d i r e c t l y  affects  

the SCL of the  magnetic material. Therefore,  &he magnetic l o s s e s  

a s soc ia t ed  with these  conver te rs  are not  f ixed ,  bu t  become direct 

func t ions  of duty cyc le .  The th ree  SCL a n a l y s i s  methods developed 

allow d e t a i l e d  performance c a l c u l a t i o n s  of t he  magnetic loss exper i -  

enced i n  these  conver te r  app l i ca t ions .  

5.3 Optimization of Tape Thickness 

Using the  SCL c h a r a c t e r i s t i c s  of a s p e c i f i c  m a n e t i c  trrdtetial 
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the  core l o s s  dependence as a f tmct ion  of t ape  th ickness  was i n v e s t i -  

gated.  Holding BM and d4/d t  cons t an t  f o r  t h e  fou r  tape  th ick-  

nesses  measured, i t  appeared t h a t  an optimum tape  th i ckness  e x i s t e d  

f o r  each of the  t h r e e  magnetic materials t e s t ed .  

Previous work (Ref. 28) has shown a similar opt imiza t ion  to  exist 

wi th  r e spec t  t o  g r a i n  s i z e  of t h e  magnetic material. 

n e t i c  materials examined i n  t h i s  d i s s e r t a t i o n  w e r e  picked from random 

material ba tches  with uncontrol led g r a i n  s i z e ,  a d d i t i o n a l  c o n t r o l l e d  

experiments u s k g  the square  wave SCL c h a r a c t e r i s t i c s  as a measure 

should be performed t o  examine t h i s  observed condi t ion .  

optimum tape  th i ckne i s  f o r  a given material exists, t h e  t r a d i t i o n a l  

p r a c t i c e  of using t h i n n e r  magnetic tapes  f o r  h ighe r  f requencies  would 

have t o  be  reevaluated.  

S ince  the  mag- 

I f  a t r u e  



APPENDIX A 

SUMMARY OF SPECIFIC CORE LOSS DATA FOR FERRITE, SUPERMALLOY, 

AND SQUARE PERMALLOY 80 CORE MATERIALS 

The magnetic core loss c h a r a c t e r i s t i c s  are shown i n  t h i s  appendix 

with SCL (wat ts / lD) as the  dependent v a r i a b l e ,  and frequency (Hz) as 

t h e  dependent v a r i a b l e .  F l u  d e n s i t y  (gauss) and d+/d t  ( m a w e l l s / s e c )  

are shown as parameters,  While the u n i t s  given f o r  "EL are n o t  i n  

i n t e r n a t i o n a l  units, ' they  are c o n s i s t e c t  with those used i n  publ ished 

d a t a  f o r  s i n u s o i d a l  core  loss c h a r a c t e r i s t i c s .  For t h e  tape  wound 

materials tape  th icknesses  of 1 /2 ,  1, 2 ,  and 4 mils are presented. 

The f e r r i t e  core loss C h a r a c t e r i s t i c s  are f o r  3B7 material. 
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Figure A. 1. - Specific core loss characteristics for 387 ferrite. 
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Figure A.2. - Specific core loss characteristics for cut :12 mil Supernlalloy. 
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Figure A. 3. - Specific me loss c;iamkristics for cut 1 mil Supermallay. 
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Figure k4. - Spectic are lass characteristics for cut 2 mil Supermalloy. 
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Figure A. 5. - Specific core loss characteristics for cut 4 mil Supernalloy. 
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Figure A.6. - Specific core :;ji ;haracteristics for uncut 1PL mil Suparmalloy. 
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Figure A. 7. - Specific core loss characteristics for uncut 1 mil Superrnalloy. 
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Figure A.8. - Specific core loss characteristics for uncut 2 mil SUpermallOy. 
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Figure A. 9. - Specific core loss characteristics for uncut 4 mil Supermalloy. 
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Figure A. IO. - Specific cote loss characteristics for uncut 112 mil Square Permalloy 80. 
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Figure A 11. - Specific core loss characteristics for uncut 1 mil Square Permalloy 80. 
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Figuie A. 12 - Specific core loss characteristics for 2 mil  Square Permalloy 80. 
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Figure A. 13. - Specific core loss characteristics for 4 mil Squa;e Pernralloy 80. 
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APPENDIX B 

GLOSSARY OF SYMBOLS 

2 phys ica l  c r o s s  s e c t i o n a l  area of  co re ,  c m  

e f f e c t i v e  c r o s s  s e c t i o n a l  area of core ,  cm 

flux dens i ty ,  gauss 

maximum f l u x  dens i ty ,  gauss 

rate of change of f l u x ,  maxwells-sec-' 

e x c i t a t i o n  vd l t age ,  V 

core vo l t age ,  V 

input  vo l t age  t o  core  szmple, V 

incremental  energy,  W-sec-lb-'-cycle 

t o t a l  energy,  W-sec-lb -cycle  

frequency, Hz 

p o s i t i v e  equ iva len t  frequency, Hz 

negat ive  equ iva len t  frequency, Hz 

e x c i t a t i o n  frequency ~ Hz 

magnetizing f o r c e ,  

input  c u r r e n t  t o  co re ,  A 

t r ans forme r oq ua t f on cons t an t  

mean magnetic pa th ,  c m  

nega t ive  h a l f  cyc le  increments 

number of t u r n s  

p o s i t i v e  h a l f  cyc le  increments 

input  power t o  co re ,  W 

2 

-1 

-1 -1 
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core  

s CL 

SCLi 

SCLT 

SF 

% 
core  V 

"Fe 

air 'core 

'h 

AW 

3 d a n s i t y  of core ,  gm/cm 

3 dens i ty  of oil, gm/cm 

f l u x ,  maxwells 

maximum f l u x ,  maxwells 

ins tan taneous  f l u x ,  maxwells 

s p e c i f i c  core  loss, W-lb 

incrementa l  s p e c i f i c  co re  loss, W-lb-I 

t o t a l  s p e c i f i c  core  l o s s ,  W-lb-I 

-1 

s t a c k i n g  f a c t o r  

incrementa l  t i m e  i n t e r v a l ,  sec 

total volime of core  s t r u c t u r e ,  c m  

volume of i r o n ,  cm 

3 

3 

weight of core i n  a i r ,  grn 

h y s t e r e s i s  l o s s ,  J-cycle-' 

displacement we: ght , gm 
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